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Summary
The release of membrane vesicles from the surface of cells
into their surrounding environment is now recognized as
an important pathway for the delivery of proteins to extracel-
lular sites of biological function. Membrane vesicles of this
kind, termed exosomes and ectosomes, are the result of
active processes and have been shown to carry a wide array
of biological effector molecules that can play roles in cell-to-
cell communication and remodeling of the extracellular
space [1–7]. Degradation of the extracellular matrix (ECM)
through the regulated release of proteolytic enzymes is a
key process for development, morphogenesis, and cell
migration in animal and plant cells. Here we show that the
unicellular alga Chlamydomonas achieves the timely
degradation of its mother cell wall, a type of ECM, through
the budding of ectosomes directly from the membranes
of its flagella. Using a combination of immunoelectron
microscopy, immunofluorescence microscopy, and func-
tional analysis, we demonstrate that these vesicles, which
we term ciliary ectosomes, act as carriers of the proteolytic
enzyme necessary for the liberation of daughter cells
following mitosis [8, 9]. Chlamydomonas has proven to be
the key unicellular model for the highly conserved mecha-
nisms of mammalian cilia, and our results suggest that cilia
may be an underappreciated source of bioactive, extracel-
lular membrane vesicles.Results
Ciliary Ecotosomes Observed by Transmission Electron
Microscopy
The fine structure of mature Chlamydomonas sporangia (see
Figure 1 for an illustration of sporangium formation) was exam-
ined by transmission electron microscopy (TEM). The top
panel in Figure 2 displays a TEM micrograph of an ultrathin
section through a typical sporangium harvested at a stage
just prior to hatching (stage V, as illustrated in Figure 1). The
daughter cells of the sporangium are flagellated by this time,
and cross-sections through several flagella are apparent.
Most striking is the observation that the flagella are sur-
rounded by numerous membrane vesicles ranging in diameter
from approximately 50 nm to 200 nm (Figure 2, insets). In Fig-
ure 2’s four lower panels, examples are shown of vesicles
caught in the process of budding directly from themembranes
of daughter cell flagella. Given that daughter cells are encased
in their own individual cell walls at this stage, totally restricting
access of their plasma membranes to the surrounding2These authors contributed equally to this work and are co-first authors
3Present address: Institute of Hydrobiology, Chinese Academy of Sciences,
Wuhan 430072, Hubei Province, China
*Correspondence: joel.rosenbaum@yale.edumedium, the membrane vesicles observed are evidently of
flagellar origin. A vesicle released from the membrane of a
cilium or flagellum is termed here a ciliary ectosome.
A previous study reported that vegetative lytic enzyme
(VLE), the enzyme responsible for breakdown of the mother
cell wall, is found in the flagella of daughter cells prior to hatch-
ing [8]. Left unknown, however, was themeans bywhich VLE is
delivered from flagella to its eventual site of action on the inner
surface of the mother cell wall. The release of ectosomes from
the flagella could potentially mediate such a process. Using
the same antibody preparation, specific for the catalytic region
of VLE protease, that was employed by Kubo et al. [8], we per-
formed immunogold labeling in situ with mature sporangia
(Figure 3). Ciliary ectosomes were readily labeled with VLE-
specific gold particles, indicating that the VLE protease is
released from the flagella with ectosomes capable of carrying
the enzyme to its site of function.
Immunofluorescence Localization of Vegetative
Lytic Enzyme
Laser scanning confocal fluorescence microscopy was used
to reconstruct the pattern of VLE localization in three dimen-
sions. At the time of hatching, VLE accumulates in the sporan-
gial flagella and appears as a series of discreet puncta along
their length (Figure 3). A clustering of VLE puncta was often
observed toward the distal end of flagella (Figure 3, indicated
by arrows in single confocal sections A and B and in 3D recon-
struction E). The interior space between daughter cells and
the mother cell walls of mature sporangia is populated by
numerous discreet VLE puncta (Figure 3E). This pattern of
fluorescence is consistent with the ectosomal localization
observed by in situ gold labeling (Figure 3, lower panels).
VLE does not appear in the flagella of cells that are liberated
from the sporangium (data not shown). This is in agreement
with a previously published expression profile indicating that
VLE protease is only expressed during the cell division and
hatching phase [8].
Isolated Ciliary Ectosomes Are Enzymatically Active
Ciliary ectosomes were isolated by differential centrifugation
of media from synchronously hatching sporangia. Intact,
isolated ciliary ectosomes were examined by immunogold
labeling using antibodies specific for VLE (Figure 4). Negative
staining of the preparation revealed an array of membrane
vesicles ranging in diameter from approximately 50 nm to
200 nm, consistent with the dimensions and appearance of
ciliary ectosomes in situ (Figures 2 and 3). Isolated ciliary ecto-
somes were highly amenable to immunogold labeling with
VLE-specific antibodies. Prominent decoration of the outside
surfaces of intact ciliary ectosomes with gold particles in this
experiment indicates that the active region of VLE protease
resides on the outside of the ectosome membranes and, by
extension, the outside of the flagellar membranes from which
they derive.
To examine the activity of the ectosomal VLE protease, we
added isolated ciliary ectosomes to flagella-less, hatching-
defective, ift88-null mutant cells. An incubation time course
of approximately 30 min was sufficient to induce hatching of
daughter cells from 100% of ift88 sporangia, verifying that
the VLE protease carried by ciliary ectosomes is active
Figure 1. Illustration of the Chlamydomonas Life
Cycle
A cell grows to a threshold size (I), resorbs its
flagella, and then typically undergoes multiple
rounds of cell division (II and III) within the original
mother cell wall. The resulting ball of cells is
termed a sporangium. Daughter cells regrow
flagella while they are still inside of the sporan-
gium (IV). Ectosomes carrying protease are
released from the flagella of daughter cells (V).
Hatching occurs when the ectosome-associated
protease digests the mother cell wall, liberating
daughter cells from the sporangium (VI). The
four lower panels display sequential frames taken
from a DIC video micrograph of a flagellum of a
vegetative Chlamydomonas cell. Black arrows
indicate a ciliary ectosome budding from the tip
of the flagellum. The source video, Movie S1,
can be found in the Supplemental Information.
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907(Figure 4). A control experiment performed in parallel using an
equal protein amount of the supernatant that remained after
pelleting of ciliary ectosomes was unable to induce any hatch-
ing of ift88 cells over a time course of 2 hr. Immunoblot analysis
of the isolated ciliary ectosomes with VLE antibody shows a
strong signal at the expected molecular weight of w125 kDa
(Figure 4, inset).
Discussion
Documented here is the ability of the cilium to function as a
secretory organelle via the release of ciliary ectosomes. The
Chlamydomonas model system offers a combination of
advantages uniquely suited for the study of this phenomenon.
The cell is fully encased within a cell wall, with the exception of
two anteriorly placed channels through which the flagella
extend. As a consequence, the only membrane surface
exposed to the surrounding milieu is that of the flagella. This
effectively narrows down the source of extracellular vesicles
to the flagellar membrane and alleviates what would be a
nontrivial problem of experimentally differentiating between
plasma-membrane-derived ectosomes and those of ciliary
origin. Adding to this advantage in the case of this study is
the nature of sporangium formation during Chlamydomonas
cell division. As illustrated in Figure 1, at the time of cell
division, multiple fissions take place within the original cell
wall. The result is a cluster of flagellated daughter cells encap-
sulated in an expanded mother cell wall. Thus, each mature
sporangium is a set of cells with the capacity to release
functional ectosomes into an enclosed microenvironment
amenable to study. Previous work revealed that in order
for daughter cells to be liberated from the sporangium, theymust release a protease, VLE, from their
flagella into the interior space between
the cells and the mother cell wall
[8, 10]. Here, we show that the cells
accomplish this by packaging the VLE
protease with its active site on the outer
surface of ectosomes that bud directly
from the flagellar membrane. These
ectosomes then diffuse through the inte-
rior space of the sporangium, where
they can transport the protease from
the cell to the mother cell wall, where itcarries out its degradative function. Using a polyclonal
antibody raised to the catalytic region of VLE protease [8]
with in situ immunogold labeling and confocal fluorescence
microscopy procedures (Figure 3), we have made a definitive
determination of the enzyme’s localization to ciliary ecto-
somes at the time of hatching. Ciliary ectosomes were then
isolated from the medium of synchronously hatching
sporangia by differential centrifugation. Immunogold labeling
of intact, whole-mounted ciliary ectosomes demonstrates
that the catalytic region of VLE protease is present on their
outer-membrane surface (Figure 4). Western blot analysis of
isolated ciliary ectosome protein content verifies the presence
of VLE (Figure 4) and other known flagellarmembrane proteins,
such as the flagella membrane glycoprotein (FMG-1) and
polycystic kidney disease 2 protein (PKD2) (see Figure S1
available online).
The failure or inefficiency of sporangial hatching is a com-
monphenotype expressed by themany flagellar assemblymu-
tants of Chlamydomonas [11, 12]. To test the activity of the
ectosome-associated VLE protease, we exposed sporangia
of ift88-null mutants, which lack flagella and cannot hatch, to
isolated ciliary ectosomes. The ciliary ectosomes were
capable of inducing hatching with high efficiency, verifying
that the ectosomes carry the VLE protease activity (Figure 4).
This result suggests that the sporangial hatching difficulties
typically observed with daughter cells of flagella-defective
mutants may be due to the necessity of the flagellum as a
secretory organelle. By this logic, daughter cells with absent
or misassembled flagella would be defective in the release
of ectosomes that mediate the delivery of the VLE protease
to the mother cell wall. An interesting aspect of this finding is
the fact that the isolated ciliary ectosomes induced hatching
Figure 2. Ciliary Ectosomes Observed in the
Mature Sporangium by Electron Microscopy
In the upper panel, an ultrathin section through a
mature sporangium reveals five of the daughter
cells within the mother cell wall prior to hatching.
The location of themother cell wall is emphasized
by a dotted line. Four insets show higher magni-
fication views of cross sections through flagella
(black arrows indicate their position inside
the sporangium). Numerous ectosomes are ob-
served clustering around the flagella. The four
lower panels display examples of ectosomes
caught in the process of budding directly from
the membranes of sporangial daughter cell
flagella (white arrows). Inset scale bars represent
100 nm.
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908of the ift88-null sporangia from the outside of their mother cell
walls in our experiments. This means that the VLE protease
can degrade a mother cell wall from either side, yet does not
seem to degrade individual daughter cell walls, whose outer
surface would be exposed to VLEwithin themature sporangia.
Perhaps an initially resistant vegetative cell wall undergoes
some change in constitution during the process of becoming
a mother cell wall that makes it competent for degradation
by VLE protease. Previous studies report that a soluble form
of active VLE protease, not associated with membrane, can
also be isolated from the medium of hatched sporangia [8,
10]. This suggests that the ectosome-associated VLE may be
cleaved at a site downstream of its transmembrane domain,
freeing it from the ectosome at some stage following its
release from the flagella. The hatching enzyme VheA of the
related alga Volvox cateri [13] and the gamete lytic enzyme
(GLE) of Chlamydomonas [14] are expressed initially as proen-
zymes that require a proteolytic processing event in order to
take on their final active form. One possibility is that the VLE
protease is cleaved by a second, activating protease that
awaits the ectosome at its destination on the surface of the
mother cell wall.
The expression of VLE protease is tightly regulated, with
transcription and subsequent accumulation of the protein
occurring precisely at the time of hatching [8]. Such regulation
at the level of protein expression allows for at least two gen-
eral models by which secretion of a specific protein via ciliary
ectosomes might be temporally regulated. In one model, the
cell would localize the protein to cilia and control its secretion
by temporally regulating the mechanism of ciliary ectosomeformation. In another model, ectosome
release from cilia would take place
constitutively, and the timed secre-
tion of a specific protein would be
controlled at the level of its synthesis
and delivery to the ciliary compartment.
The release of ectosomes is thought to
be a constitutive, ongoing process for a
number of different cell types, including
osteoblasts [15], endothelial cells [16],
and glomerular epithelial cells [17, 18].
A variety of different cancerous cells
have also been shown to release ecto-
somes in an apparently constitutive
manner in the absence of any stimulus
[4, 19–21]. The release of ectosomes
from the flagella of Chlamydomonasappears to be an ongoing process even in vegetative cells
(Figure 1 and Movie S1).
Having been regarded classically as an organelle of primarily
motile function, the cilium has undergone a renaissance of
appreciation in the past decade, touched off by research in
Chlamydomonas that revealed its role as a ubiquitous sensory
antenna [22, 23]. The ensuing growth of a vibrant research
community around the topic has given rise to what is now an
extensive literature on the role of cilia in sensing and trans-
ducing signals from the extracellular space. The importance
of cilia in this context is underscored most potently by the ex-
panding list of ciliopathies—a classification of diseases and
syndromes associated with abnormal formation or function of
cilia [24, 25]. Despite its relatively small surface area compared
with that of the cells from which it protrudes, the cilium acts
as the obligate site of action for a variety of membrane recep-
tors and signal transduction modules critical to basic cellular
processes regulating growth, development, and homeostasis
[26, 27]. This capacity of the cilium to act as a specialized
region of the cell where specific proteins can be readily con-
centrated for sensory function also makes it an ideal organelle
to employ in the sending of signals out from the cell. That is, the
same mechanisms that give rise to the selective delivery and
retention of sensory proteins at the ciliary compartment
could conceivably generate an equally efficient and regulable
signal-release platform. Given the evident phenomenon of a
ciliary ectosome mechanism reported here, we hypothesize
that this is in fact the case and that cilia should be scrutinized
not only as antennae capable of receiving signals from the
environment, but also as an instrument of signal release.
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Figure 3. Localization of VLE Protease on Ciliary Ectosomes in the Mature Sporangium
(A) and (B) are sequential, 250 nm, confocal sections through a flagellum of a daughter cell within a mature sporangium. VLE-specific fluorescence appears
in green, and arrows point to discreet puncta clustered around the distal end of the flagellum.
(C) and (D) display the same confocal sections as (A) and (B), respectively, overlaying an a-tubulin-specific fluorescence channel in red (the flagellar
axoneme).
(E) shows a view from a 3D reconstruction of a mature sporangium consisting of eight daughter cells preparing to hatch from their mother cell wall. VLE-
specific fluorescence appears as green discreet puncta populating the interior space of the sporangium, between the daughter cells and the mother cell
wall. Arrows point to the distal regions of four flagella surrounded by clusters of VLE puncta. Representative images from in situ immunogold labeling of
mature sporangia with VLE antibodies are shown in the bottom panels.
(F)–(H) are electron micrographs of ultrathin sections through three different sporangia at a stage just prior to hatching. Flagella emanating from daughter
cells within the mother cell wall (emphasized by dotted lines) have released ectosomes with VLE protease on their surface. Arrows point to the location of
VLE-specific gold particles. The scale bar in (H) represents 100 nm.
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909Experimental Procedures
Cell Culturing and Synchronous Hatching Conditions
Chlamydomonas reinhardtii wild-type strain cc1009, pf1 mutant strain
(Chlamydomonas Culture Center, Duke University), ift88 mutant strain
(from the Witman Lab, University of Massachusetts Medical School), and
Chlamydomonas moewusii strain cc957 (Chlamydomonas Culture Center)
were used for experiments. For generation of synchronously hatching
sporangia, we grew Chlamydomonas reinhardtii phototrophically in MI
medium [11], and synchronized hatching was induced as follows: 400 ml
cultures or 8 l cultures were grown at 24C and bubbled continuously with
0.5% CO2 in air under a 12 hr/12 hr light/dark regime with white light illumi-
nation provided by fluorescent bulbs. Culture density was kept between 105
and 106 cells/ml. Under these conditions, cc1009 cells begin to divide before
the lights go off but do not hatch, forming sporangia generally containing
eight cells. After several hours in the dark, the cells are almost all in such
sporangia and can be induced to hatch by exposing the cells to light.Differential Interference Contrast Video Microscopy
Chlamydomonas moewusii strain cc957 was used for differential interfer-
ence contrast (DIC) microscopy of ectosome release because their flagella
are paralyzed and approximately 50% longer than those ofChlamydomonas
reinhardtii. Cells were prepared and visualized according to methods
detailed previously [28, 29].
Electron Microscopy
To look for the release of vesicles from flagella during hatching, we grew
cc1009 cells synchronously as described above. Three hours after the lights
went off, most of the cells had divided but were still encased in their mother
cell wall. Cells were centrifuged at 500 3 g in the dark, brought up in fresh
medium, and put under a light source to stimulate hatching. Cells were fixed
at 2 min intervals for TEM and light microscopy. Hatching was obvious after
8 min and complete by 20 min. For TEM, 0.5 ml of 5% glutaraldehyde was
added to 0.5 ml of cells and fixed for 1 to 2 hr at room temperature. Tannic
acid was then added to 0.1%, and fixation continued for 30 min. Cell pellets
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Figure 4. Isolated Ciliary Ectosomes Carry VLE
Protease and Induce Hatching when Added to
Hatching-Defective Mutants
(A)–(C) show numerous VLE-specific gold parti-
cles associated with the outer surfaces of
isolated, intact ciliary ectosomes. The scale bar
in (C) represents 100 nm.
(D) is a graph showing that ciliary ectosomes
isolated from the medium of hatched pf1 cells
induce complete hatching of ift88 mutants over
a time course of w30 min. Black circles indicate
the data from ciliary ectosome addition. Open
circles indicate control data from addition of
the final supernatant from the ciliary ectosome
preparation. Immunoblot analysis of isolated
ectosomes with VLE antibody shows a band at
w125 kDa.
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910were washed in 50 mM HEPES (pH 7.4), fixed for 40 min in 1% osmium
tetroxide in 50 mM HEPES, washed, stained in 2% uranyl acetate for 1 hr,
washed, dehydrated in ethanol, and embedded in EMbed 812 (Electron
Microscopy Sciences). Sectionswere viewedwith a JEOL 1230microscope,
and digital images were captured with a Hamamatsu ORCA-HR digital cam-
era. For detailed immunogold-labeling methods, please see Supplemental
Experimental Procedures.
Immunofluorescence Microscopy
Sporangia of Chlamydomonas strain cc1009 were harvested at the time of
hatching as above and fixed for 30 min at room temperature in MI growth
medium containing 1% paraformaldehyde. The cells were then washed
with phosphate-buffered saline (PBS) and pipetted onto 0.1% polyethyle-
neimine-coated coverslips, where they sank to the surface and attached
over the course of 20 min at room temperature. To permeabilize and
fix them additionally, we submerged coverslips with attached cells in
methanol at 220C for 5 min, then transferred them to fresh methanol
for an additional 5 min at 220C. Cells were rehydrated for 2 min in
PBS, then incubated at room temperature for 1 hr in blocking buffer (5%
BSA, 1% cold-water-fish gelatin, and 10% goat serum in PBS). Cells
were overlaid with a mixture of primary antibodies in blocking buffer
and incubated in a moist chamber at 4C overnight. After washing away
primary antibodies by repeatedly dipping the coverslips in PBS, we over-
laid cells with a mixture of fluorophore-conjugated secondary antibodies
(Alexa Fluor 488 goat anti-rabbit IgG and Alexa Fluor 594 goat anti-mouse
IgG, Invitrogen Molecular Probes) in blocking buffer and incubated them
at room temperature for 1 hr. Coverslips were washed by dipping in
PBS as before and mounted to slides with SlowFade antifade reagent
(Invitrogen Molecular Probes). Laser scanning confocal microscopy was
performed using a Zeiss LSM 510 system with an Axio Observer inverted
microscope. Three-dimensional reconstructions were performed using
Zeiss ZEN software, and individual images were adjusted using Adobe
Photoshop.
Isolation of Ciliary Ectosomes and Activity Assay
The radial spoke head mutant strain, pf1, was ultimately chosen for ecto-
some isolation because it tends to yield higher densities of sporangia in
large culture volumes. Cultures of 16 l were grown to a density of 5 3
106 cells/ml in tris-acetate phosphate (TAP) media [11]. To initiate hatch-
ing, we harvested sporangia by centrifugation at low speed and placed
in 10 mM HEPES buffer (pH 7.2) at a density of w4 3 107 cells/ml with
aeration under light. Sporangia were observed to hatch over a time courseof w20 min under these conditions. Differential
centrifugation of the hatched-cell preparation
began with 3,000 3 g for 5 min at room temper-
ature to pellet the daughter cells. The resulting
supernatant was subjected to an additional
clarification by centrifugation at 16,000 3 g
for 20 min. The ciliary ectosomes and some
remaining cell-wall material were pelleted from
the clarified supernatant by centrifugation at
200,000 3 g for 45 min at 4C. The resulting pel-
let had an upper, transparent layer composedof leftover cell-wall material and a lower, white layer composed of ciliary
ectosomes. The transparent cell-wall-containing layer was manually
removed using a pipette, and the remaining ciliary-ectosome-containing
layer was resuspended in 2 ml of 10 mM HEPES buffer. To perform a final
density gradient step, we mixed the 2 ml ciliary ectosome specimen with a
preparation of 2.1 g of cesium chloride dissolved in 2 ml of 10 mM HEPES
buffer and raised by addition of HEPES buffer to a final volume of 4.5 ml.
The final concentration of cesium chloride was 2.8 M. The mixture was
subjected to centrifugation at 250,000 3 g for 14 hr. A major white
band, enriched for ciliary ectosomes, and two minor bands containing
cell-wall material and other debris were the result. The ciliary ectosome
band was isolated using a pipette and was analyzed by negative staining
and immunogold labeling.
For use in functional analysis, we simplified the above ciliary ectosome
isolation procedure to avoid exposure of the enzyme to cesium. The
supernatant following centrifugation at 16,000 3 g was subjected to
centrifugation at 46,000 3 g for 30 min. The resulting supernatant was
collected and centrifuged again at 200,000 3 g for 45 min. The white ciliary
ectosome pellet was harvested at this point and resuspended in 0.2 ml
of 10 mM HEPES buffer. Protein concentrations of the ciliary ectosome
specimen and the final supernatant were determined by using amido black
[30]. Equal protein amounts of ciliary ectosome specimen and supernatant
were adjusted to the same volume of 100 ml. The ift88 mutant strain was
cultured in TAP medium, and all of the cells accumulated as sporangia
that could not hatch due to the absence of flagella [23]. The ift88 sporangia
were harvested when they reached a density of 5 3 106/ml. To perform the
hatching activity assay, we mixed 100 ml of ift88 sporangia with 100 ml
of ciliary ectosome specimen or supernatant. Aliquots of 25 ml were
removed at time intervals of 15 min, 30 min, 60 min, and 120 min. Counts
of liberated daughter cells and unhatched sporangia were made using a
hemocytometer.
Supplemental Information
Supplemental Information includes one figure, Supplemental Experimental
Procedures, and one movie and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2013.04.019.
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